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Viral membranePoxviruses encode a redox system for intramolecular disulﬁde bond formation in cytoplasmic domains of
viral proteins. Our objectives were to determine the kinetics and intracellular location of disulﬁde bond
formation. The vaccinia virus L1 myristoylated membrane protein, used as an example, has three
intramolecular disulﬁde bonds. Reduced and disulﬁde-bonded forms of L1 were distinguished by
electrophoretic mobility and reactivity with monoclonal and polyclonal antibodies. Because disulﬁde bonds
formed during 5 min pulse labeling with radioactive amino acids, a protocol was devised in which
dithiothreitol was present at this step. Disulﬁde bond formation was detected by 2 min after removal of
reducing agent and was nearly complete in 10 min. When the penultimate glycine residue was mutated to
prevent myristoylation, L1 was mistargeted to the endoplasmic reticulum and disulﬁde bond formation
failed to occur. These data suggested that viral membrane association was required for oxidation of L1,
providing speciﬁcity for the process.
Published by Elsevier Inc.Introduction
In eukaryotic cells, stable disulﬁde bonds form exclusively in the
relatively oxidizing environment of the endoplasmic reticulum (ER)
(Frand et al., 2000; Tu et al., 2000). Poxviruses replicate in the
cytoplasm of infected cells (Condit et al., 2006; Moss, 2007) and
provide an exception to this rule. Poxviruses encode three cytoplas-
mic oxidoreductases that comprise a complete pathway for intramo-
lecular disulﬁde bond formation (Senkevich et al., 2002b). E10, the
ﬁrst vaccinia virus (VACV) protein in this pathway, is a member of the
ERV1/ALR family of ﬂavine adenine dinucleotide-containing sulfhy-
dryl oxidases (Senkevich et al., 2000b). A2.5, the next component,
forms transient disulﬁde linked complexes with E10 and with the
third component of the pathway, the thioredoxin G4 (Senkevich et al.,
2002a; White et al., 2002). G4 also forms an intermediate with its
substrate proteins. The known target proteins for this pathway are
nine components of the membrane of mature virus particles that are
required for cell entry andmembrane fusion (Bisht et al., 2008; Brown
et al., 2006; Senkevich et al., 2005). The disulﬁde bonds of these
proteins are located within their ectodomains, which face the
cytoplasm during virion assembly. The three oxidoreductases as
well as each of the target membrane proteins are conserved in all
members of the poxvirus family that have been analyzed. Indeed, E10700B Rockledge Dr., Bethesda,
Inc.is conserved in all nucleo-cytoplasmic large DNA viruses (poxviruses,
asfarviruses, iridoviruses, phycodnaviruses and mimiviruses) and G4
is conserved in all but asfarviruses (Iyer et al., 2006).
The viral oxidoreductases locate in the regions of the cytoplasm
where assembly of virus particles occurs and are incorporated into
virions (Senkevich et al., 2000a, 2002a; White et al., 2000). The
reducing nature of the cytoplasm is unaltered by VACV infection as
determined by the ratio of oxidized to reduced glutathione (Locker
and Grifﬁths, 1999). Glutathione, however, is not directly involved in
the poxviral redox pathway because electrons are transferred through
covalent protein intermediates (Senkevich et al., 2000b). The atomic
structure of one of the target proteins, L1, indicates that the six
cysteine side chains are relatively solvent inaccessible, probably
contributing to their maintenance in the oxidized state (Su et al.,
2005).
The purpose of the present study was to determine the kinetics
and intracellular location of disulﬁde bond formation in VACV-
infected cells. L1, the ﬁrst VACV membrane protein shown to contain
intramolecular disulﬁde bonds, is attractive as a model substrate
because it has been well characterized structurally and functionally
and is conserved in all poxviruses. L1 is a myristoylated transmem-
brane protein of 250 amino acids (Franke et al., 1990; Ravanello and
Hruby, 1994a). The structure of the 185 amino acid ectodomain has
been solved to 1.5 Å and exhibits a fold consisting of bundles of
α-helices packed against a pair of two-stranded β-sheets (Su et al.,
2005). Analyses bymass spectrometry and X-ray crystallography have
shown that the disulﬁdes are formed between Cys-34 and Cys-57,
Cys-49 and Cys-136 and Cys-116 and Cys-158 (Aldaz-Carroll et al.,
2005; Su et al., 2005). Cys-34 and Cys-57 are located in loops, Cys-69
Fig. 1. Speciﬁcities of L1 MAb and PAb for reduced and oxidized L1. (A) Immunoafﬁnity
puriﬁcation. BS-C-1 cells were infected with VACV and labeled from 2 to 16 h with [35S]
methionine/cysteinemixture. Lysates were prepared in the presence of DTT (R) or NEM
(NR) and incubated with L1 MAb 7D11 or L1 PAb R180 complexed to protein G agarose.
The proteins were eluted with sample buffer lacking reducing agent and analyzed by
SDS–PAGE and autoradiography. Bands corresponding to reduced (red) and oxidized
(ox) L1 are indicated. (B)Western blotting. Lysates were prepared as described in panel
A and analyzed by SDS–PAGE and Western blotting with MAb 7D11 and PAb R180.
Proteins were detected by chemiluminescence.
Fig. 2. Kinetics of disulﬁde bond formation. BS-C-1 cells were infected with VACV for
16 h, incubated with methionine- and cysteine-free medium for 15 min and then
pulsed with 100 μCi of [35S]methionine/cysteine-labeling mix for 5 min. Following the
pulse, cells were incubated in medium containing excess methionine and cysteine for 2
to 30 min as indicated, lysed, afﬁnity puriﬁed with L1 MAb (A) or L1 PAB (B) and
analyzed by SDS–PAGE and autoradiography. Bands corresponding to reduced (red)
and oxidized (ox) L1 are indicated on the right. Numbers on the left indicate the masses
of the L1 proteins in kDa determined by co-electrophoresis of marker proteins.
188 H. Bisht et al. / Virology 398 (2010) 187–193and Cys-136 in strands and Cys-116 and Cys-158 between and within
helices, respectively. Although L1 had been thought to have a role in
virus assembly (Ravanello and Hruby, 1994b), more recent data
indicate that it is required exclusively for virus entry and membrane
fusion (Bisht et al., 2008). Furthermore, L1 is a target of neutralizing
antibody (Ichihashi and Oie, 1996; Wolffe et al., 1995) and is a
component of experimental smallpox vaccines (Fogg et al., 2004;
Hooper et al., 2000; Lustig et al., 2005).
Using pulse-chase protocols and confocal microscopy, we now
show that disulﬁde bond formation occurs within a few minutes after
synthesis of L1 and that localization of L1 on viral membranes within
cytoplasmic factories is required. This localization may provide
speciﬁcity for oxidation of viral membrane components as opposed
to other viral and cellular proteins.
Results
Reduced and oxidized forms of L1 can be distinguished by electrophoretic
mobility and antibody reactivity
To determine the kinetics of L1 disulﬁde bond formation, our plan
was to carry out pulse labeling of VACV-infected cells with radioactive
amino acids, chase with unlabeled amino acids and monitor the
formation of intramolecular disulﬁde bonds. For this purpose, we
needed to distinguish reduced (−SH) and oxidized (S-S) forms of L1.
Previous studies (Wolffe et al., 1995) showed that the disulﬁde-
bonded form of L1 migrates more rapidly than the reduced form by
SDS–polyacrylamide gel electrophoresis (PAGE), presumably due to a
more compact structure. In addition, monoclonal antibody 7D11
(abbreviated in the text as L1 MAb) speciﬁcally reacts with the
disulﬁde-bonded form of L1 on Western blots (Wolffe et al., 1995).
The polyclonal antibody R180 (abbreviated in the text as L1 PAb)
prepared by injecting rabbits with a secreted recombinant form of L1
(Aldaz-Carroll et al., 2005) was expected to react with reduced and
oxidized forms. In order to test the speciﬁcity of the antibodies,
reduced and oxidized L1 were prepared by lysing infected cells with
NP-40 in the presence of the reducing agent dithiothreitol (DTT) or in
the presence of N-ethylmaleimide (NEM) to react with free cysteines
and prevent disulﬁde interchange, respectively. The anticipated
speciﬁcities of L1 MAb and L1 PAb were demonstrated by immuno-
precipitation (Fig. 1A) as well as by Western blotting (Fig. 1B). The L1
PAb recognized both the reduced (∼28 kDa) and oxidized (∼25 kDa)
bands, whereas L1 MAb only recognized the latter. Therefore, both
electrophoretic migration and antibody reactivity distinguished
reduced and oxidized forms of L1.
Kinetics of L1 disulﬁde bond formation
Cells that had been infected with VACV for 16 h were incubated in
medium depleted of methionine and cysteine for 15min to reduce the
intracellular pools of these amino acids and then pulse labeled with
[35S]methionine and [35S]cysteine for 5 min. Following labeling, the
cells were washed and the incubation at 37 °C continued with
unlabeled amino acids. At varying times, the cells were washed with
ice-cold phosphate-buffered saline, lysed in the presence of NEM and
incubated with L1 MAb or L1 PAb attached to protein G beads. The
bound proteins were then resolved by SDS–PAGE and the radioactiv-
ity determined by autoradiography. At 0 time, e.g. immediately after
the 5-min labeling period, similar amounts of reduced and oxidized L1
were captured by L1 PAb (Fig. 2B). By 10 min, nearly all of the L1 was
in the more rapidly migrating oxidized state (Fig. 2B). The 25-kDa
band was the major species captured by L1 MAb and the amount
increasedwith time (Fig. 2A). However, there was a faint 28-kDa band
recognized by L1 MAb, which can be better seen in subsequent gels.
The rapid kinetics indicated that folding and disulﬁde bond formation
occurred extremely rapidly after synthesis of L1.Kinetics of L1 disulﬁde bond formation following removal of DTT
To reﬁne our analysis, we adapted a method used by Braakman et
al. (1992) to study disulﬁde bond formation in the ER. They
demonstrated that addition of DTT to the medium of cells prevented
disulﬁde bond formation of a newly synthesized protein. However,
when the medium was changed, oxidation occurred rapidly and the
correctly folded protein was transported through the secretory
pathway. Although we did not ﬁnd a reference for the use of DTT to
prevent the formation of cytoplasmic disulﬁde bonds, we decided to
adapt the procedure. The protocol used in Fig. 2 was modiﬁed by
continuing the amino acid depletion step for an additional 5 min in
the presence of DTT, which was maintained during the 5-min labeling
period. The cells were washed and DTT removed for the chase. At 0
Fig. 3. Kinetics of disulﬁde bond formation following DTT removal. The pulse-chase
protocol was similar to that described in the legend to Fig. 2 except that the 15-min pre-
incubation in methionine- and cysteine-free medium was followed by an additional
5 min incubation in the same medium containing 5 mM DTT and then pulsed with
100 μCi of [35S]methionine/cysteine-labeling mix for 5 min in the continued presence
of DTT. After the chase of 2 to 30 min in the absence of DTT, the L1 protein was afﬁnity
puriﬁed with L1 MAb (A) or L1 PAB (B) and analyzed by SDS–PAGE and autoradio-
graphy. The protocol for the experiment in panel C was similar except that 5 mM DTT
(+ DTT) was maintained during the chase in one sample. Abbreviations are the same as
in the legend to Fig. 2.
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oxidized L1 (Fig. 3B). Within 2 min, however, the amount of oxidized
L1 increased and the conversion of reduced to oxidized L1 was nearly
complete by 10 min (Fig. 3B). Similar kinetics of disulﬁde bond
formation was determined with L1 MAb (Fig. 3A). Thus, by keeping
the L1 in the reduced state during the labeling period, the kinetics of
disulﬁde bond formation was precisely measured.
Comparison of the ∼28-kDa bands in the 0- to 5-min samples of
protein captured by L1 MAb (Fig. 3A) and L1 PAb (Fig. 3B) indicated aFig. 4. Effect of mutation of the myristoylation site of L1 on disulﬁde bond formation. BS
transfected 1 h later with pL1wt or pL1G2A or left untransfected (UnT). After 8, 10 and 12 h,
blot was reprobed with antibody to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) a
kDa.subtle difference. The L1 MAb-associated band was relatively sharp
and migrated at 28 kDa, whereas the L1 PAb-associated band was
diffuse with the more intense part above 28 kDa. We suspect that
partially oxidized forms of L1 migrated slightly faster than the fully
reduced form andwere recognized and captured by L1MAb. Themore
diffuse 28- to 29-kDa band formed by proteins captured by L1 PAb
would consist of reduced and partially oxidized L1.
In a variation of the above experiment, DTT was retained during
the chase period; the majority of the L1 remained in the slow
migrating reduced form with only a trace of the oxidized 25-kDa L1
(Fig. 3C). The amount of reduced L1 decreased between 30 and 60min
suggesting that it might be unstable under these conditions.
Viral membrane association is required for formation of disulﬁde bonds
L1 has a C-terminal transmembrane domain, characteristic of
proteins that associate with membranes post-translationally. Centri-
fugation experiments indicated that the reduced L1 present
immediately after pulse labeling was largely in the soluble fraction,
whereas the oxidized L1 at 15 min was mostly in the membrane-
containing pellet (data not shown). This result suggested that
intramolecular disulﬁde-bond formation might be occurring at the
viral membrane. A previous study had suggested that the N-terminal
myristate moiety is necessary for incorporation of L1 into virions
(Ravanello and Hruby, 1994b). To test whether myristoylation is
required for oxidation of L1, we carried out an infection-transfection
experiment. To prevent expression of virally encoded L1, cells were
infected in the absence of inducer with vL1Ri, a recombinant VACV
that has L1R regulated by the Escherichia coli lac operator (Bisht et
al., 2008). The cells were then transfected with plasmids encoding
wild-type (wt) L1 (pL1wt) or L1 with the penultimate N-terminal
amino acid changed from glycine to alanine (pL1G2A) to prevent
myristoylation. As controls, cells were also infected with vL1Ri in the
absence and presence of isopropyl-β-D-thiogalactopyranoside (IPTG)
but were not transfected. At 8, 10 and 12 h after infection, the cells
were harvested and L1 was detected by Western blotting with L1
PAb. As expected, L1 was not detected in the untransfected cells that
did not receive IPTG and the L1 was entirely in the disulﬁde-bonded
form when IPTG was present (Fig. 4). Both the G2A mutant and wt
type L1 were expressed from the transfected plasmids. Importantly,
the L1 G2A mutant was entirely in the reduced state whereas the wt
L1 was mostly disulﬁde bonded (Fig. 4). Unexpectedly, the L1 G2A
mutant protein was detected earlier and in higher amounts than wt
L1.-C-1 cells were infected with vL1Ri in the presence (+) or absence (−) of IPTG and
the cells were lysed and analyzed by SDS–PAGE and Western blotting with L1 PAb. The
s a loading control. Numbers on the left refer to position and mass of marker protein in
Fig. 5. Intracellular localization of myristoylated and unmyristoylated L1. HeLa cells were infected with vL1Ri in the presence (top row) or absence (middle and bottom rows) of IPTG
and 1 h later transfected with pL1wt (middle row) or pL1G2A (bottom row). After 16 h the cells were stained with L1 PAb and L1 MAb followed by Alexa Fluor 488 anti-rabbit
antibody and Alexa Fluor 568 anti-mouse, respectively. Cells were subsequently stained with DAPI and visualized by confocal microscopy. Red, L1 MAb; green, L1 PAb; blue, DNA. N,
nucleus.
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which are typically located near the nucleus of the infected cell.
Confocal microscopy was carried out to determine the intracellular
locations of the wt and G2A mutant L1 proteins. Cells were infected
with vL1Ri in the presence or absence of IPTG and the latter were
transfectedwith pL1wt or pL1G2A. In the cells infectedwith the virus in
the presence of IPTG, L1was visualized by stainingwith the L1MAb and
L1 PAb.With both antibodies, L1 staining predominantly co-localized in
the viral factories detectedwith 4′,6-diamidino-2-phenylindole (DAPI),
which avidly binds double-stranded DNA (Fig. 5). The punctate L1
staining represents clusters of immature and mature virus particles
(Wolffe et al., 1995). Staining for L1 was not detected when IPTG was
omitted, conﬁrming the speciﬁcity of the antibodies (data not shown).
However, the images obtained when the cells were infected with vL1Ri
in the absence of IPTG and transfected with pL1wt L1 were similar to
those produced in the presence of IPTG (Fig. 5). In contrast, when the
cellswere transfectedwith pL1G2A,mutated L1was only detectedwithFig. 6. Co-localization of unmyristoylated L1 with ER resident protein. HeLa cells infected w
transfected with pL1wt (2nd column) or pL1G2A (3rd column). Cells were stained with L1
followed by Alexa Fluor 488 anti-rabbit, Alexa Fluor 568 anti-mouse and Alexa Fluor 647 an
Pink, anti-D8 MAb; green, L1 PAb; red, anti-calreticulin PAb; blue, DNA. N, nucleus.the L1 PAb antibody and was dispersed throughout the cytoplasm and
did not exhibit punctate staining (Fig. 5). The failure to stain the L1 G2A
mutant with L1 MAb was consistent with the Western blotting
experiment, which showed that the L1 G2A mutant did not form
intramolecular disulﬁde bonds.
In a subsequent transfection experiment, the cells were stained
withMAb to the MVmembrane protein D8 and PAb to the ER resident
protein calreticulin as well as with L1 PAb. In the +IPTG samples and
the−IPTG samples transfected with pL1wt, the L1 and D8 largely co-
localized with each other near viral DNA and not with calreticulin
(Fig. 6). In contrast, the L1 G2A mutant did not co-localize with D8 in
factories but was dispersed and partly overlapped calreticulin (Fig. 6).
Discussion
The poxvirus redox system is comprised of three proteins: E10,
A2.5 and G4, which transfer electrons through covalent proteinith vL1Ri in the presence (1st column) or absence (2nd and 3rd columns) of IPTG were
PAb (top row), anti-D8 MAb (2nd row) and anti-calreticulin chicken PAb (4th row)
ti-chicken antibody and analyzed by confocal microscopy. DNA was stained with DAPI.
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the target protein and has been shown to form a covalent
intermediate with L1. The encoding of a cytoplasmic redox system
by poxviruses has raised questions regarding the speciﬁcity for viral
versus cellular proteins. Since at least eight VACV proteins in
addition to L1 utilize the redox system for intramolecular disulﬁde
bond formation, sequence speciﬁcity seems unlikely. A common
feature of these nine viral proteins is their possession of a
transmembrane domain and localization in the mature virion
membrane. Using the L1 protein as a model substrate, we showed
that intramolecular disulﬁde bond formation occurs within minutes
of protein synthesis and that association with the viral membrane is
necessary.
Under standard pulse-chase conditions, L1 was already 50%
disulﬁde bonded at the end of the 5-min labeling period. However,
adding DTT to the medium just before and during the labeling period
prevented oxidation. By removing DTT for the chase, it was possible to
monitor the kinetics of disulﬁde bond formation precisely. Disulﬁde-
bonded L1 was detected within 2 min after removal of DTT and
oxidation was nearly complete between 5 and 10 min. Using a similar
DTT washout strategy, Braakman et al. (1992) determined that the
time needed for half of inﬂuenza hemagglutinin to reach the fully
oxidized form in the ER was 3 min. This time is similar to that
occurring with the poxvirus cytoplasmic redox system.
N-myristoylation is a covalent modiﬁcation of the penultimate
glycine residue with a 14-carbon saturated fatty acid that usually
occurs co-translationally upon removal of the N-terminal methionine
and provides weak protein membrane and protein-protein interac-
tions (Farazi et al., 2001). A previous study had suggested that
myristoylation of the penultimate glycine was necessary for
association of L1 with virions (Ravanello and Hruby, 1994b). Here
we demonstrated by confocal microscopy that this mutation
prevented L1 from localizing in the factory area of the cell. Instead,
the mutated L1 localized with ER membranes throughout the
cytoplasm. Furthermore, the unmyristoylated L1 did not contain
intramolecular disulﬁde bonds. We do not believe that myristoylation
is necessary for the correct folding of L1 since correct intramolecular
disulﬁde bonds form when L1 is routed through the ER by
engineering a signal peptide at the N-terminus, which also prevents
myristoylation (Aldaz-Carroll et al., 2005). In addition, correct
disulﬁde bonds form when unmyristoylated L1 is expressed in E.
coli and then refolded in vitro (Su et al., 2005). Therefore, the inability
of the unmyristoylated protein to form disulﬁde bonds in the
cytoplasm of infected cells is likely due to its failure to associate
with viral membranes, where the viral oxidoreductases reside. The
topology of L1 would prevent the oxidoreductases in the ER lumen
from participating in disulﬁde bond formation. Howmyristoylation at
the N-terminus modulates the trafﬁcking of L1 to the viral membrane
is not understood. This is particularly puzzling since F9, a disulﬁde-
bonded MV membrane protein related in sequence and structure to
L1 (Su et al., 2005), is not myristoylated.
In conclusion, the localization of proteins on the viral membrane
appears to provide speciﬁcity for disulﬁde bond formation. The
rapidity of disulﬁde bond formation indicates that oxidation must
occur during or very soon after insertion of L1 into the viralmembrane.
Materials and methods
Cells and viruses
BS-C-1 cells were propagated in minimum essential medium with
Earle's salts supplemented with 10% fetal bovine serum, 100 U of
penicillin and 100 μg of streptomycin per ml (Quality Biologicals,
Gaithersburg, MD). The Western Reserve strain of VACV (ATTC
VR1354) was used as the wt virus; the L1 inducible mutant vL1Ri
was previously described (Bisht et al., 2008).Plasmids
The L1 open reading frame with 36 bp upstream of the
transcription start site containing the natural promoter was ampliﬁed
by PCR from viral DNA and cloned in the Zero Blunt II TOPO vector
(Invitrogen, Carlsbad, CA) to construct the plasmid pL1wt. Glycine,
the penultimate amino acid of the L1 open reading frame, was
mutated to alanine using the Quick-change site directed mutagenesis
kit (Stratagene, La Jolla, CA) and cloned in the Zero Blunt II TOPO
vector to produce pL1G2A.Western blot analysis and immunoafﬁnity puriﬁcation
Cells were lysed in 0.2% NP-40, 10 mM Tris pH 7.4, 10 mM CaCl2
and 10 mM NaCl, containing micrococcal nuclease, complete protease
inhibitor cocktail (Roche Molecular Biochemicals, Indianapolis, IN)
and 100 mM DTT or 20 mM NEM at 4 °C for 10 min. Lysates were
resolved by SDS–PAGE and were electrophoretically transferred onto
a nitrocellulose membrane and blocked in phosphate-buffered saline,
pH 7.5 containing 5% dry milk. Themembranes were incubated for 1 h
with a 1:1000 dilution of primary antibody, washed three times with
0.05% Tween-20 and subsequently incubation with a 1:1000 dilution
of horse radish peroxidase-conjugated goat anti-mouse antibody or
1:2000 dilution of horse radish peroxidase-conjugated donkey anti-
rabbit antibody. Bound antibody was detected upon incubation with
SuperSignal West Pico chemiluminescent substrate (Pierce Biotech-
nology Inc., Rockford, IL). For immunoafﬁnity puriﬁcation, EZview Red
Protein G Afﬁnity gel (Sigma, St. Louis, MO) was used to capture
antibody-protein complexes.Kinetics of disulﬁde-bond formation
BS-C-1 cells were infected with VACV at a multiplicity of 10
plaque forming units per cell in a 6-well dish. After 16 h, cells were
incubated with methionine- and cysteine-free medium for 15 min.
Subsequently, cells were incubated with methionine- and cysteine-
free medium containing 5 mM DTT for 5 min and then pulsed with
100 μCi of [35S]methionine/cysteine-labeling mix for 5 min in the
continued presence of DTT. Following the pulse, cells were incubated
in medium containing excess methionine and cysteine for various
times (either in the presence or absence of DTT) and then scraped into
cold phosphate-buffered saline containing 20 mM NEM to terminate
the chase period. Cells were lysed in 1% NP-40 containing NEM and
complete protease inhibitor cocktail (Roche Molecular Biochemicals).
Clariﬁed cell lysates were immunopuriﬁed as described above and
analyzed by SDS–PAGE and autoradiography.Confocal microscopy
HeLa cells were infected at a multiplicity of 10 plaque forming
units per cell in the presence or absence of 50 μM IPTG. Cells in the
absence of IPTG were transfected with either pL1wt or pL1G2A. After
16 h, the cells were ﬁxed with 4% paraformaldehyde, quenched with
2% glycine and permeabilized with 0.1% Triton X-100. The cells were
blocked with 10% fetal bovine serum and further incubated with
MAb 7D11, PAb R180, anti-D8 MAb (MAb AB1.1 kindly provided by
G.L. Smith, London, UK) or anti-calreticulin chicken PAb (Abcam,
Cambridge, UK). After extensive washes, the cells were incubated
with Alexa Fluor 568 anti-mouse IgG, Alexa Fluor 488 anti-rabbit IgG
and Alexa Fluor 647 anti-chicken IgG at a dilution 1:200 and
mounted on coverslips using Prolong Gold antifade reagent with
DAPI (Invitrogen). Images were collected with a Leica laser scanning
confocal microscope.
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